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Abstract
We propose a minimally extended gauge symmetry model with U(1)R, where only the right-
handed fermions have nonzero charges in the fermion sector. To achieve both anomaly cancellations
and minimality, three right-handed neutrinos are naturally required, and the standard model Higgs
has to have nonzero charge under this symmetry. Then we find that its breaking scale(Λ) is
restricted by precise measurement of neutral gauge boson in the standard model; therefore, O(10)
TeV. Λ. We also discuss its testability of the new gauge boson and discrimination of U(1)R model
from U(1)B−L one at collider physics such as LHC and ILC.
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I. INTRODUCTION
A U(1)B−L gauge symmetry [1] is one of the natural extensions of the standard model(SM)
to accommodate the three right-handed neutrinos to cancel the gauge anomalies out, and
these neutral fermions play roles in arising various sources such as Baryon CP asymmetry
of the Universe, a dark matter candidate, as well as light active neutrinos and their mixings
with Majorana type, depending on model buildings. Thus a lot of applications have been
achieved.
As a similar symmetry that requires three right-handed neutrinos due to the anomaly
cancellations [2, 3], there exists an right-handed gauge symmetry U(1)R [4], where left-
handed fermions do not have nonzero charges under this symmetry. The chiral charge
assignment for the SM fermions would be natural as the fermions are chiral under U(1)Y
charge assignment. In addition the chiral structure provides richer phenomenology such as
forward backward asymmetry at collider experiments. However these kinds of models are
not applied to a lot of phenomenologies compared to the B−L one, due to different charges
between right-handed and left-handed fermions. In particular, a minimal realization of the
model with U(1)R is not sufficiently investigated although the symmetry has been applied
to extensions of SM such as two Higgs doublet models [2, 3, 5–9].
In this letter, we realize a minimal extension of the SM with U(1)R gauge symmetry, by
imposing nonzero U(1)R charge on the SM Higgs. However, in this case, several constraints
has to be considered such as oblique parameters [10] and precise measurement of the neutral
vector boson of SM (Z) [11]. The most stringent constraint arises from the measurement of
the SM Z boson mass (mZ), where the lower bound of vacuum expectation value(VEV) to
break the U(1)R symmetry is O(10) TeV [12] 1. Therefore it could still be testable scale at
current/future collider experiments.
This letter is organized as follows. In Sec. II, we introduce our model, and formulate
Higgs sector, neutral gauge sector, neutrino sector, and interacting terms. And we discuss
phenomenologies of new neutral gauge boson at colliders. Finally we devote the summary
of our results and the conclusion.
1 This model naturally leads us to a type-II two Higgs double model. It implies that the constraint from
measurement of the SM Z boson mass is more or less the same as our present model due to large hierarchy
between two kinds of VEVs.
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QaL u
a
R d
a
R L
a
L e
a
R ν
a
R H ϕ
SU(3)C 3 3 3 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 2 1
U(1)Y
1
6
2
3 −13 −12 −1 0 12 0
U(1)R 0 x −x 0 −x x x 2x
TABLE I: Charge assignments of the our fields under SU(3)C × SU(2)L × U(1)Y × U(1)R with
x 6= 0, where its upper index a is the number of family that runs over 1− 3.
II. MODEL SETUP AND CONSTRAINTS
In this section we formulate our model and derive some formulas such as Z-Z ′ mixing and
neutrino mass matrix. We add three families of right-handed Majorana fermions νaR(a = 1−
3) and an isospin singlet boson ϕ, both of which carry nonzero U(1)R charges. Furthermore,
the SM Higgs boson also has nonzero U(1)R charge that plays an crucial role in determining
the scale of U(1)R breaking Λ & O(10) TeV as discussed later. All the field contents and
their assignments are summarized in Table I. The relevant Yukawa interactions and scalar
potential under these symmetries is given by
−LY = (yu)abQ¯aLH˜ubR + (yd)abQ¯aLHdbR + (yℓ)abL¯aLHebR
+ (yD)abL¯
a
LH˜ν
b
R + (yν)aaν¯
aC
R ν
a
Rϕ
∗ + h.c., (1)
V = −µ21|ϕ|2 − µ22|H|2 + λ1|ϕ|4 + λ2|H|4 + λ3|ϕ|2|H|2, (2)
where H˜ ≡ iσ2H , and upper indices (a, b) = 1-3 are the number of families, and yν can
be diagonal matrix without loss of generality due to the phase redefinitions of fermion
fields. The masses of the SM fermions in both quark and charged-lepton sector are given by
mu = yuv/
√
2, md = ydv/
√
2, and mℓ = yℓv/
√
2, which are the same as the SM one. Notice
that our Lagrangian has accidental global symmetry of lepton number when we assign lepton
number 2 for ϕ which will be broken after ϕ developing a VEV. Also there is an accidental
global baryon number symmetry as in the SM.
Scalar sector: The scalar fields are parameterized as
H =

 w+
v+r+iz√
2

 , ϕ = v′ + r′ + iz′√
2
, (3)
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where w+, z, and z′ are massless Nambu-Goldstone(NG) bosons which are absorbed by the
SM gauge bosons W+ and Z, and extra Z ′ boson from U(1)R. Inserting tadpole conditions
for r and r′, we obtain the mass matrix for CP even scalar, m2R, in the basis of (r, r
′), and
the mass eigenstates {h,H} is found to be (r, r′)T = OTR(h,H)T , where mass eigenvalues are
given by m2h,H = ORm
2
RO
T
R; m
2
R and OR are obtained as
m2R =

 2v2λ2 vv′λ3
vv′λ3 2v′2λ1

 , OR =

 −cθ sθ
sθ cθ

 , (4)
with s2θ =
2vv′λ3
m2
h
−m2
H
. The mass eigenvalues are also calculated such that
m2h,H = (v
2λ2 + v
′2λ1)∓
√
(v2λ2 − v′2λ1)2 + v2v′2λ23. (5)
Here h1 ≡ hSM is the SM Higgs, therefore, mh =125 GeV. The mixing effect for CP-even
scalar is constrained by the measurements of Higgs production cross section and its decay
branching ratio at the LHC, and sa . 0.2 is provided by the current data [11].
ZSM − Z ′ mixing: Since H has nonzero U(1)R charge, there is mixing between ZSM and
Z ′. Taking x = 1 2, the resulting mass matrix in basis of (ZSM , Z ′) is given by
m2ZSMZ′ =
1
4

 (g21 + g22)v2 −2√g21 + g22g′v2
−2
√
g21 + g
2
2g
′v2 4g′2(v2 + 4v′2)

 = m2Z′

 ǫ21 −ǫ1ǫ2
−ǫ1ǫ2 1 + ǫ22

 , (6)
where mZSM ≡
√
g2
1
+g2
2
v
2
≈ 91.18 GeV, mZ′ ≡ 2g′v′, ǫ1 ≡ mZSMmZ′ , ǫ2 ≡
v
2v′
, g1, g2, and g
′
are gauge coupling of U(1)Y , SU(2)L, and U(1)R, respectively. Then its mass matrix is
diagonalized by the two by two mixing matrix V as V m2ZSMZ′V
T ≡ Diag(m2Z , m2ZR), where
we work under ǫ22 << 1 and
m2Z ≈ m2ZSM (1− ǫ22), m2ZR ≈ m2Z′(1 + ǫ21ǫ22), (7)
V ≈

 cZ sZ
−sZ cZ

 , θZ = 1
2
tan−1
[
2ǫ1ǫ2
1 + ǫ22 − ǫ21
]
. (8)
Since the ambiguity of the Z boson mass is around 0.0021 [11] we require
|∆mZ | = mZSM
(√
1− ǫ22 − 1
)
. 0.0021 GeV. (9)
2 For x 6= 1, we can obtain constraints on the gauge coupling by scaling as g′/x from our analysis with
x = 1.
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Therefore one finds the stringent constraint on the v′ from Eq.(7) and (9) as
18.13 TeV . v′. (10)
The ZR mass can be approximated as mZR ≃ mZ′ = 2g′v′ since ǫ1,2 is small. Thus gauge
coupling g′ is almost fixed if we choose values of mZR and v
′.
Fermion sector: Here we focus on the neutral sector, since the other three sectors are the
same the SM one as discussed above. The six by six mass mass matrix in basis of (νL, νR)
is given by
MN =

 0 mD
mTD M

 , (11)
and MN is diagonalized by (Dνl, DνH) ≡ ONMNOTN , where mD ≡ yDv/
√
2, M ≡ yνv′/
√
2,
and ON is six by six unitary matrix. Assuming mD << M , one finds the following mass
eigenvalues and their mixing ON :
Dνl ≡ VMNSmνV TMNS ≈ −2VMNSmDM−1mTDV TMNS, (12)
DνH ≈M, ON ≈

 VMNS 0
0 1



 −1 θ
θT 1

 , (13)
where θ ≡ mDM−1, VMNS and Dνl are observable and fixed by the current neutrino oscil-
lation data [11]. Supposing yℓ = O(1) and v ≈ 246 GeV and v′ ≈ 18 TeV, one finds the
typical order of yD is 10
−5 in order to reproduce the observed neutrino mass scale of . 0.1
eV. The scale of yD can be tested by the current experimental data at the LHC [13]. One
also finds the following relation between flavor- and mass-eigenstate:
νL ≈ −V TMNSνl + θνH , νR ≈ −θ†V †MNSνl + νH . (14)
Interactions via kinetic terms: Now that we formulate the masses and their mixings for
the neutral fermions, one can write down the interacting term from the kinetic Lagrangian
under SU(2)L × U(1)Y × U(1)R as:
L ∼ g2√
2
3∑
i
[
W−µ ℓ¯aγ
µPL(−(V TMNS)aiνli + θaiνHi) + h.c.
]
− g2
2cw
3∑
i,j=1
Zµ
[
(V ∗MNS)jaθaiν¯ljγ
µPRνHi + h.c.
]
− xg′
3∑
j=1
Z ′µ
[
(VMNSθ)jaν¯ljγ
µPRνHj + h.c.
]
, (15)
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FIG. 1: The current LHC limit on {mZ′ , g′} plane is shown where region above red curve is
excluded by the latest data [17]. The gray region is constrained by Eq. (10) from the relation
g′/mZ′ = 1/(2v′).
where cw ≡ cos θw is Weinberg angle. The other three sectors are given by
L ∼ − xg′(Z ′µ − ǫ22Zµ)×
[
u¯aγ
µPRua − d¯aγµPRda − ℓ¯aγµPRℓa
]
. (16)
In the following, we take x = 1 for simplicity.
III. Z ′ PHYSICS AT COLLIDERS
Here we discuss collider physics of Z ′ boson. Since Z ′ couples to the SM leptons, the LEP
experiment provides the constraint on the effective interaction induced from Z ′ exchange;
Leff = 1
1 + δeℓ
g′2
m2Z′
(e¯γµPRe)(f¯γµPRf), (17)
where f indicates all the fermions in the model. Note that the above interaction includes
only the right-handed chirality due to the nature of U(1)R symmetry. The analysis of data
by LEP experiment in Ref. [14] provides the constraint such that
mZ′
g′
& 3.7 TeV. (18)
We thus find that constraint from ZSM -Z
′ mixing gives more stringent bound than the one
from LEP for mZ′/g
′ = 2v′ as in Eq. (10).
The Z ′ boson can be produced at the LHC via the process qq¯ → Z ′ and decay channel of
Z ′ → ℓ+ℓ−(ℓ = e, µ) will provide the most significant signature. The branching fraction for
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Z ′ → ℓ+ℓ− is similar to U(1)B−L case since the Z ′ universally couples to quarks and leptons.
We estimate the cross section with CalcHEP [15] implementing relevant interactions and
using the CTEQ6 parton distribution functions (PDFs) [16]. Then we obtain the value
of 6 × 10−5 pb for the process pp → Z ′ → µ+µ− with mZ′ = 4 TeV and g′ = 0.1. The
Fig. 1 shows the excluded region by the current LHC data [17] and the VEV constraint in
Eq. (10). We find that the current LHC constraint is stronger(weaker) than that from v′ for
mZ′ . (&) 3.9 TeV, and wider parameter region of {g′, mZ′} can be tested by the future
LHC experiments. The chirality structure could be tested at the LHC by measuring forward-
backward and top polarization asymmetries in Z ′ → tt¯ mode [18], which will distinguish our
Z ′ interaction from the other Z ′ interactions like U(1)B−L.
The effective interaction in Eq. (17) can also be tested by measuring the process e+e− →
f f¯ at the International Linear Collider (ILC) even if Z ′ mass is very heavy to directly produce
at the LHC. In particular, analysis with polarized initial state is useful to distinguish our
model from other Z ′ such as U(1)B−L, since our Z ′ couples only right-handed SM fermions.
The partially-polarized differential cross section can be written by [19]
dσ(Pe−, Pe+)
d cos θ
=
∑
σ
e−
,σ
e+
=±
1 + σe−Pe−
2
1 + σe+Pe−
2
dσσ
e−
σ
e+
d cos θ
, (19)
where Pe−(e+) is the degree of polarization for the electron(positron) beam and σσe−σe+
indicates the cross section when the helicity of initial electron(positron) is σe−(e+); the helicity
of final states is summed up and more detailed form is found in ref [19]. We then define
polarized cross sections σL,R by following two cases as realistic values at the ILC [20]:
dσR
d cos θ
=
dσ(0.8,−0.3)
d cos θ
,
dσL
d cos θ
=
dσ(−0.8, 0.3)
d cos θ
. (20)
The polarized cross sections are applied to study the sensitivity to Z ′ through the measure-
ment of a forward-backward asymmetry at the ILC which is given by
AFB =
NF −NB
NF +NB
,
NF (B) = ǫL
∫ cmax(0)
0(−cmax)
d cos θ
dσ
d cos θ
, (21)
where a kinematical cut cmax is chosen to maximize the sensitivity, L is an integrated lumi-
nosity and ǫ is an efficiency depending on the final states. Here we assume ǫ = 1 for electron
and muon final states, and cmax = 0.5(0.95) is taken for electron(muon) final state [22].
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Then we estimate the forward-backward asymmetry for cases with only SM gauge boson
contributions, and with both SM and Z ′ boson contributions, in order to investigate the
sensitivity to Z ′; the former case gives NSMF (B) and A
SM
FB while the latter case N
SM+Z′
F (B) and
ASM+Z
′
FB . Furthermore, we consider two types of Z
′ boson interaction with SM-fermions;
vector-like couplings and right-handed chiral couplings which are respectively correspond to
U(1)B−L and U(1)R cases. The sensitivity to Z ′ contribution is estimated by
∆AFB = |ASM+Z′FB −ASMFB |, (22)
which is compared with a statistical error of the asymmetry, assuming only SM contribution
δAFB =
√
1− (ASMFB )2
NSMF +N
SM
B
. (23)
Here we focus on the µ+µ− mode since it is the most sensitive one [12]. In Fig. 2, we show
∆AFB for polarized cross sections of the e
+e− → µ+µ− process as a function of mZ′/g′,
where we have considered Z ′ from both U(1)R and U(1)B−L cases for comparison. The
integrated luminosity of L = 4800 fb−1 is applied in the figure which is expected in the
upgraded ILC [21], and horizontal lines indicate δAFB = 1 and 2 corresponding to 1σ and
2σ sensitivity confidence level. We find that region with mZ′/g
′ . 38 TeV can give more
than 2σ sensitivity by measuring only µ+µ− mode. Remarkably, the U(1)R case provides
significant difference of ∆AFB for σR and σL due to the chirality structure of Z
′ interaction
from U(1)R, while U(1)B−L case gives small difference. Thus we can distinguish the Z ′
interactions from U(1)R and U(1)B−L by comparing the ∆AFB from polarized cross sections
σL and σR. The higher sensitivity can also be expected to combining different final states
such as other leptonic modes {e+e−, τ+τ−} as well as hadronic modes jj. Moreover, detailed
analysis of fitting the scattering angular distribution will help us to enhance the sensitivity
to Z ′ interaction [23], although it is beyond the scope of our paper. In addition, more precise
measurement of ZSM mass at the ILC will also test our model.
More phenomenology can be considered when the heavy neutrinos are not very heavy
since pp→ Z ′ → νHνH process would be realized at the LHC. Heavy neutrinos in the final
state will decay into ℓ±W∓ through mixing effect θ, and the invariant mass of final state
provides Z ′ mass. A detailed analysis of the process will be given elsewhere.
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FIG. 2: ∆AFB defined as Eq. (22) as a function ofmZ′/g
′ where we apply polarized cross section for
the Z ′ from U(1)R and U(1)B−L. Here the horizontal lines indicate δAFB = 1 and 2 corresponding
to sensitivity confidence level 1σ and 2σ, and the vertical line corresponds to v′ = 18 TeV.
IV. SUMMARY AND CONCLUSIONS
We have proposed a minimally extended U(1) gauge symmetry, where only right-handed
fermions have nonzero charges in the fermion sector. To achieve anomaly cancellations, three
right-handed neutrinos are naturally requested where anomaly cancels among each of family.
To realize our model minimally, we have imposed nonzero charge under this symmetry for
the standard model Higgs. Then we have found that its breaking scale(Λ ∼ v′) is restricted
by precise measurement of the standard model neutral gauge boson; therefore, 18 TeV. v′.
We have discussed implications of our Z ′ boson to collider physics considering the
LEP constraint, Z ′ production at the LHC and e+e− → f f¯ process at the ILC. The
LEP constraint is weaker than the constraint from ZSM -Z
′ mixing while the LHC can
explore wider parameter region of {g′, mZ′} in current/future experiments. The parameter
region with v′ beyond the ZSM -Z ′ mixing constraint can be tested by the ILC experiment
with sufficient integrated luminosity. Moreover we can test the chirality structure of the
interaction with polarized electron(positron) beam, and our Z ′ could be discriminated from
the other Z ′ such as U(1)B−L gauge symmetry.
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